The length scales involved in the development of diffuse axonal injury typically range from the head level (i.e., mechanical loading) to the cellular level. The parts of the brain that are vulnerable to this type of injury are mainly the brainstem and the corpus callosum, which are regions with highly anisotropically oriented axons. Within these parts, discrete axonal injuries occur mainly where the axons have to deviate from their main course due to the presence of an inclusion. The aim of this study is to predict axonal strains as a result of a mechanical load at the macroscopic head level. For this, a multi-scale finite element approach is adopted, in which a macro-level head model and a micro-level critical volume element are coupled. The results show that the axonal strains cannot be trivially correlated to the tissue strain without taking into account the axonal orientations, which indicates that the heterogeneities at the cellular level play an important role in brain injury and reliable predictions thereof. In addition to the multi-scale approach, it is shown that a novel anisotropic equivalent strain measure can be used to assess these micro-scale effects from head-level simulations only.
Introduction
The brain is a vulnerable part of the human body in case of an accident, such as in a road traffic crash situation. Based on 23 reports in different European countries, 15 per 100,000 people die because of traumatic brain injury (TBI) each year (Tagliaferri et al. 2006) . Diffuse axonal injury (DAI) is one of the most frequently occurring types of TBI (Gennarelli et al. 1982) . It is primarily involved with dynamic noncontact loading, although it is believed to occur in closed head impacts as well (Gentleman et al. 1995; Smith et al. 2003) .
In order to improve the prevention and diagnosis of TBI, a better understanding of the relation between mechanical loading and TBI is necessary. Therefore, brain injury criteria are developed that can predict TBI as the result of a mechanical load. The most used brain injury criterion in the automotive industry nowadays is the head injury criterion (HIC), which is based on head-level kinematics (NHTSA 1972) . Although the mechanical loading occurs at the head level, injury of the brain is often the result of more local mechanical phenomena. Because of this, more sophisticated brain injury criteria are needed to recover the local mechanics. For this purpose, three-dimensional finite element (FE) head models are developed that simulate the response to a mechanical loading of the head to assess the risk of TBI (e.g., Takhounts et al. 2003; Zhang et al. 2004; Kleiven 2007; Marjoux et al. 2008) . FE head models have a good potential to predict DAI, since they describe local deformations within the brain (Miller et al. 1998; Smith et al. 2003) . However, an indisputably well-defined correlation between mechanical loading and DAI using FE head models has not been achieved yet. A possible explanation is that in most of the currently used head models, anisotropic mechanical behavior of brain tissue is not included, even though experimental studies have concluded that neural tissue behaves clearly anisotropically in some regions of the brain (e.g., Margulies 1998, 1999; Prange and Margulies 2002; Nicolle et al. 2005; Ning et al. 2006; Hrapko et al. 2008) . In line with this, recent studies have been performed that take the axonal orientation into account leading to tissue strains in the axonal direction (Chatelin et al. 2011; Wright and Ramesh 2012) . Nevertheless, even if tissue strains could be predicted accurately by head models, the link to real injury is still not straightforward, as several studies concerning TBI have shown that tissue strains lead to injury at a cellular level (e.g., Bain et al. 2001; Engel et al. 2005; Floyd et al. 2005; Morrison III et al. 2006; Cater et al. 2006; , whereby the microstructural heterogeneities at the cellular level are of influence.
Brain tissue contains neurons and glial cells, which both consist of a cell body from which processes (i.e., axons and dendrites) extend (Marieb 1998; Nolte 2002) . The diameters of the cell bodies are about 5 µm for the glial cells and often less than 10 µm for nonpyramidal cells and up to 20 µm for other cortical and hippocampal neurons (Rajkowska and Goldman-Rakic 1995; Rajkowska et al. 1998; Pierri et al. 2001; Cotter et al. 2002; Highley et al. 2003; Hutsler 2003) . The cell bodies are mainly residing in the cortex, but their axons, which have a uniform diameter, extend into the white matter regions and can be many centimeters long (Alberts et al. 1994) .
Axonal injury typically occurs where the direction of axons changes or at the location of a change in tissue-density (e.g., gray-white matter interface near the cerebral cortex) (Gaetz 2004) . The first type of injury occurs for example in the brainstem and the corpus callosum and is described by Povlishock (1993) , who observed that axonal injury was present at locations where the axons have to deviate from a straight path because of an obstruction (e.g., a blood vessel or a cell body). In a previous study (Cloots et al. 2011) , mechanical heterogeneities at the axonal level, leading to axons being subjected to locally higher strains than the tissue-level strains, were investigated as a possible source for this pathological observation. Based on a micro-level critical volume element (CVE), it was concluded in Cloots et al. (2011) that the geometrical configuration of deviating axons near an inclusion leads to increased axonal loading and that, therefore, if present, these regions may be critical for axonal injury.
This influence of the microstructure of the tissue might induce an orientation dependence of the sensitivity of brain tissue to a mechanical load in regions where the tissue has a unidirectionally oriented structure. This highlights the importance of taking into account microstructural aspects of the tissue in tissue-level brain injury criteria.
Within this context, the aim of this study is to investigate the local axonal strains near an inclusion in relation to the tissue-level strains of the brainstem and the corpus callosum during mechanical loading of the head. To achieve a coupling between an FE head model that does not contain details at a cellular-level and local axonal strains, a multi-scale framework with a macroscopic head model and a microscopic critical volume element (CVE) is used. Both levels are solved with the FE method. The CVE is constructed on the basis of microscopic pathological findings for DAI. An approximate single-scale approach to include cellular-level effects in the same FE head model (without using a CVE) is pursued through an anisotropic equivalent strain measure that can estimate axonal strains directly from head model tissue strains (Cloots et al. 2012) . To investigate to capability of the anisotropic equivalent strain measure to account for microstructural effects (as modeled in a CVE), the outcome of both approaches will be compared.
Methods
In this section, first, the multi-scale method will be explained, whereas the anisotropic equivalent strain measure will be explained further on. For the multi-scale approach, at the macro level 1 , an FE head model is used and at the micro level a CVE is developed (see Fig. 1 ). To achieve this, the influence of the microstructural configuration as well as the anisotropic sensitivity of the tissue to mechanical loads should be accounted for. The FE head model is originally developed by Kleiven (2007) , and for the current study, it is extended with anisotropic tissue behavior. The CVE developed in this study represents a microstructural configuration that is critical for axonal injury. In Fig. 2 , it is shown schematically how the head model and the CVE are coupled in the multi-scale framework. Macroscopic loading conditions are based on the reconstruction of a real sports accident (Viano et al. 2005; Kleiven 2007 ) and are imposed on the head model. After the simulations of the head model are completed, the obtained internal brain tissue loading response from the head model is used as a loading condition for the CVE, where for each integration point in the regions of interest of the head model, a separate CVE simulation is conducted. The outcome of the CVE simulations is the axonal loading, where the orientation of the axons is taken into account. For completeness, a situation is also simulated in which no inclusion is present in the microstructure by directly taking the logarithmic tissue strain obtained in the head model in the macroscopic local main axonal direction (i.e., without a CVE simulation). Since the discrete focal impairments of the axons are often found in the brainstem and the corpus callosum, focus is put on these parts of the head model. In order to perform an indepth study of the axonal strains in the CVE in relation to the tissue strains in the brainstem and the corpus callosum of the head model, one specific injurious loading case of the head model is considered, where for each element of the brainstem and the corpus callosum, a CVE simulation is performed.
Head model
The head model used in this study is based on the model developed by Kleiven (2007) in the FE code LS-DYNA 971 (LTSC, Livermore, CA) and contains the skull, the scalp, the brain, the meninges, the cerebrospinal fluid (CSF), and eleven pairs of the largest parasagittal bridging veins (see Fig. 1a ). Furthermore, it includes the ventricles and it distinguishes between different parts within the brain, such as the corpus callosum and the brainstem (see Fig. 1b ). The head model consists of 11,158 eight-node hexahedral elements, of which 7,128 represent the brain, 10,165 four-node shell and membrane elements, and 22 two-node truss elements. The simulations are performed in the dynamic regime with an explicit integration scheme. For this study, the material behavior of the brain tissue is described by a viscoelastic fiber-reinforced anisotropic material model. This model is implemented as a user material of which the hyperelastic strain energy potential is:
where the third term on the right-hand side is based on the Holzapfel-Gasser-Ogden form (Gasser et al. 2006) , with only one fiber family here, with
where G is the shear modulus, K is the bulk modulus,Ĩ 1 is the first invariant of the isochoric right Cauchy-Green deformation tensorC = J − 2 3 C with C the right Cauchy-Green deformation tensor and J = det(F) is the volume change ratio. Furthermore,Ĩ 4 =C : n 0 n 0 is the isochoric fourth invariant where n 0 is the fiber direction vector in the reference configuration with unit length; k 1 is the scalar fiber stiffness, and κ is the dispersion of the fiber orientations around the preferred fiber direction n 0 . The two limits of κ are 0 for fully aligned fibers (i.e., transverse isotropy) and 1 3 for randomly oriented fibers (i.e., isotropy). Therefore, the value of κ is related to the degree of anisotropy. By means of the Macaulay brackets · , the fibers contribute only in tension and not in compression, as Ẽ becomes 0 ifẼ is negative. The fiber contribution to the stiffness is assumed linear (i.e., k 2 → 0) (Cloots et al. 2011) . Viscoelasticity is added by using:
where M ∞ + i M i = 1, τ is a time variable that runs from the initial time up to the current time t, S(t) is the current deviatoric second Piola-Kirchhoff stress tensor, S e is the deviatoric elastic second Piola-Kirchhoff stress tensor as derived from the non-volumetric part of Eq. 1 (i.e., the first and third term on the right side), M ∞ is the long-term parameter recovering the role of the material parameters G and k 1 in the limit, M i are the relaxation parameters of the viscoelastic modes and τ i are the time constants. The volumetric behavior is assumed to be independent of time. Several studies in literature indicate that brain tissue behaves anisotropically (Arbogast et al. 1995; Arbogast and Margulies 1998; Hrapko et al. 2008; Nicolle et al. 2004 Nicolle et al. , 2005 Ning et al. 2006; Prange et al. 2000; Prange and Margulies 2002) . However, rheological measurements in literature show a variation in stiffness of brain tissue of several orders of magnitude due to a strong sensitivity to many testing conditions (Hrapko et al. 2008) . Considering these variations in stiffness, the orientation dependence used in this study was obtained from the experimental study of Ning et al. (2006) on the brainstem of a 4-week-old pig, but the effective absolute stiffness was chosen to correspond with that of the original, validated, head model (Kleiven 2007) . It is noted that the concentration of strain in the CVE (which is described further on) relative to the strain applied to it depends on the relative amount of anisotropy within the material and not on the absolute stiffness of it. The brain tissue material properties of the current study are given in Table 1 . Since the original head model has been validated with isotropic mechanical behavior only, the mechanical response of the original and the extended model are expected to be similar in case the extended model would contain only isotropically oriented fibers i.e., κ = 1 3 in the brain tissue. The ratio of the parameter values for G and k 1 is assumed to be the same as the ratio in the study by Ning et al. (2006) although the absolute parameter values are not taken from this study. The fiber orientation is fully uniaxially in the corpus callosum (lateral orientation), the brainstem (inferior-posterior orientation) and the spinal cord (inferior-posterior orientation), which will result in anisotropic mechanical behavior. Although the degree of anisotropy varies throughout the brain, the fiber orientation in the remaining part of the brain tissue is modeled fully isotropic, because it is assumed that due to heterogeneities and/or lower levels of axonal alignment, the anisotropy in those other regions is much less important than for the brainstem and the corpus callosum. In the original isotropic head model, the brainstem has a higher stiffness than the remaining brain tissue, which is here automatically accounted for by the increased stiffness from the fiber contribution in the inferior-posterior orientation. The bulk modulus of brain tissue is 2.1 GPa (McElhany et al. 1976 ), but to prevent volumetric locking of the elements, a lower value of 50 MPa is used, which is still much higher than the shear modulus. For compact bone tissue, a Young's modulus of 15 GPa is used, whereas for porous bone and the neck bone, this value is 1 GPa. The dura mater, the falx, and the tentorium are modeled with a Young's modulus of 31.5 MPa and the pia mater with 11.5 MPa. Furthermore, a sliding interface with a friction coefficient of 0.2, as proposed by Miller et al. (1998) , is used between the dura and the skull. The loading conditions of the head model are based on a reconstruction case of an accident in the American National Football League with case numbers 57H2 (Viano et al. 2005; Kleiven 2007 ). This case is involved with loss of consciousness, which is often related to brainstem injury (Shaw 2002 ). In Fig. 3 , the acceleration of the head model is shown.
Critical volume element
The CVE is developed using the FE code Abaqus 6.10-2 (Abaqus 2010). As opposed to the head model, the CVE is analyzed with a quasi-static computation with an implicit integration scheme. It contains 27,960 eightnode reduced integration hexahedral elements. The threedimensional geometry of the CVE is based on pathological observations for axonal injury. It contains a spherical inclusion with a cross-sectional diameter of 0.16 relative to the outer dimensions of the CVE (e.g., inclusion diameter is 8 µm and outer dimensions are 50 by 50 µm 2 ). The material surrounding the inclusion is assumed to consist of axons only. Note that for a given axonal orientation field, the size of the inclusion does not affect the strains in the CVE (Cloots et al. 2012) . The inclusion and the surrounding tissue are assumed to be fully compatible at the interface. The tissue, consisting of axons, is modeled with a continuum approach. In line with the head model used at the macroscopic level, an anisotropic Holzapfel-Gasser-Ogden model (Gasser et al. 2006 ) is used with the same properties as the head model. Note that volume associated to these critical locations is statistically small, so that the average tissue properties at the microstructural level correspond with those at the macroscopic level. Furthermore, the neurofilaments causing the anisotropic behavior are characterized by a much smaller length scale than the macro-level head model as well as the micro-level CVE. The same material model can therefore be used in the head model and the CVE without violating the separation of length scales. In order to obtain the axonal strains, each material point of the CVE has a specific orientation representing the local axonal orientation, which is depicted in Fig. 4 . The CVE simulations are conducted for material points (i.e., integration points in the FE discretization) of the brainstem and the corpus callosum in the head model and therefore, the main axonal direction in the CVE is aligned with the local axonal direction of the brainstem and the corpus callosum in the head model. The behavior of the inclusion is also described with the Holzapfel-Gasser-Ogden model, but with isotropically oriented fibers i.e., κ = 1 3 . To investigate the influence of the inclusion stiffness, three different values of the elastic parameters of the inclusion relative to those of the brain tissue are used: (A) equal to those of the isotropic brain tissue, (B) three times stiffer, and (C) ten times stiffer. The bulk modulus is constant over the entire CVE and is equal to that of the head model. The material properties are shown in Table 2 .
The loading conditions of the CVE are obtained from the deformation gradient tensor in the corresponding material point in the brain tissue as predicted with the head model and imposed by means of periodic boundary conditions (Kouznetsova et al. 2001) . The displacement vector u of a corner node c i , as shown in Fig. 5 , is calculated from the global deformation gradient tensorF, which is obtained from the Green-Lagrange strain tensor in the head model, through: M 1 to M 6 and M ∞ see Table 1 u 5678 − u 1234 = u c 5 − u c 1 ,
where jklm denotes the faces of the model (see Fig. 5 ). As a result of these kinematical boundary conditions, antiperiodicity of the tractions is satisfied (Kouznetsova et al. 2001) . This leads to a multi-scale coupling between the head model and the CVE, in which both volumetric and deviatoric deformations are transferred from the macro to the micro level.
Anisotropic equivalent strain measure
In the previous work (Cloots et al. 2012) , an anisotropic equivalent strain measureε eq has been developed that represents the maximum axonal strain as a result of the tissue strain componentsε i j :
This equivalent strain measure accounts for the orientation dependence governing the contribution of tissue deformations to axonal stretching. The coefficients of this equivalent strain were obtained from a CVE on which isochoric uniaxial and biaxial deformations in all loading directions were applied. Deviatoric strains were used in Cloots et al. (2012) , since injury due to axonal straining is considered to be caused mainly by non-volumetric global deformations as a consequence of the high bulk modulus of the brain tissue. For this reason, the equivalent strain measure of Eq. 8 is a function of deviatoric strains only. The values are given in Table 3 , and they are obtained with a CVE with a spherical inclusion, in which the main axonal direction is in the y-direction.
To simplify the analysis and eliminate the coupled solution at two scales, the equivalent strain measure can be used to replace the CVE as depicted in Fig. 6 . In the current study, the predictions based on this equivalent strain measure will be compared with the maximum axonal strain values obtained from the CVE simulations.
Results
In Fig. 7 , a strain field is shown for the head model, from which it is clear that elevated (macroscopic) strain levels up to 0.28 occur, especially around the brainstem. For this particular situation, in which loss of consciousness was observed, this indicates that the brainstem is a vulnerable part for injury in case an injurious mechanical load occurs.
The maximum axonal strains obtained from a CVE simulation as a function of the tissue strain in a specific material point in the brainstem and the corpus callosum are plotted in Fig. 8 . No clear relation between the axonal strain and the maximum principal tissue strain is observed, both for the simulations with and without an inclusion. Following the trajectory in time, it can be noticed that two peak values of the maximum principal logarithmic tissue strain are reached in the brainstem as well as the corpus callosum. For these two peak values, however, the ratio between the tissue strain and the maximum axonal strain is different. The presence of an inclusion leads to increased local maximum axonal strains in the tensile regime. Furthermore, the relation between the axonal strain and the tissue strain is also dependent on the angle ϕ (between the maximum principal loading direction of the tissue and the main axonal direction), which is most pronounced in the trajectory without an inclusion. For this case, when the angle ϕ approaches 90 • , a compressive axonal strain is found, whereas the maximum principal tissue strain is positive.
The influence of the stiffness of the blood vessel on the maximum local axonal strain is displayed in Fig. 9 . The inclusions A, B, and C have material properties that are nearly equal to the brain tissue, three times higher, or ten times higher, respectively. The only difference is that for all inclusions κ = 1 3 as opposed to κ = 0 for the anisotropic brain tissue. Although the overall shape of the trajectory remains similar for all three cases, some important differences are present. At 15 ms, the axonal strain values are lower for an increased stiffness of the inclusion, whereby an increase with a factor 10 of the inclusion stiffness leads to a decrease of the maximum axonal strain by 1 3 . At time t end , however, the effect of the stiffness is different, where the axonal strains for inclusion A and C are similar and those for inclusion B are lower. Because the surrounding brain tissue is anisotropic and the inclusion is isotropic, the stiffness of the inclusion relative to the brain tissue depends also on the loading direction, which causes the dissimilarities between 15 ms and t end . Figure 10 shows the axonal strain field of the CVE with inclusion A obtained from the material point in the brainstem (used for Fig. 8 ) during the injurious load case at 15 ms. Adjacent to the inclusion, strain concentrations are present at the Cross-section of the axonal strain field of the CVE at t = 15 ms in the brainstem. For clarity, the strain field of the inclusion is not depicted location where the local axonal orientation is most aligned with the tissue loading direction. One can also notice that the axonal strain values more distant from the inclusion are in agreement with the strain values of the case without an inclusion (see Fig. 8 ).
When the axonal strain is plotted against the maximum principal tissue strain for all elements of the brainstem in the head model at each time step (see Fig. 11 ), it is observed that overall the maximum principal tissue strain is an overprediction for the maximum axonal strain in the CVE. The amount of this overprediction is partially related to the angle ϕ, where higher angles generally result in a larger overprediction. The results of the simulations with an inclusion show a good correlation between axonal and tissue strains for the range of angles ϕ from 0 • to about 40 • . However, still many local values deviate from these general observations. This indicates that the maximum principal strain observed in the tissue of the head model is not able to predict strains occurring at the axonal level due to the influence of axonal orientation. Furthermore, the inclusion causes the axonal strains to be larger than without an inclusion for the same tissue strains. Moreover, whereas compressive axonal strains are occurring for the situation without an inclusion, they are only in the tensile regime for the situation with an inclusion. This is caused by the local deviation of axonal orientation near the inclusion due to which at least some of the axons are always fully or partially aligned with the tissue loading direction, which is not the case without an inclusion.
In a first step toward including the effects of axonal orientation, the (macroscopic) tissue strains in the main axonal direction are considered, for which it should be noted that this is the same as the axonal strain for a region without an inclusion. Figure 12 depicts the axonal strain of the CVE with an inclusion versus the tissue strain of the head model in the main axonal direction for all elements of the brainstem. For a situation without an inclusion, the same values would be plotted on both axes and therefore the line y = x can be interpreted as the axonal strain value for a situation without an inclusion. It can be noticed that the inclusion causes the axonal strains to increase, in particular when the angle between the loading direction and the main axonal direction is large and the tissue strain is positive. Nevertheless, several instances with a smaller angle still lead to high axonal strains indicating that the tissue strain in the main axonal direction is not able to predict the local axonal strain accurately in case of an inclusion. Only for lower values of ϕ, the axonal strain shows a close agreement with the tissue strain in the main axonal direction. Furthermore, it is observed that also negative tissue strains in the main axonal direction lead to axonal stretching. The general observation is that the tissue strain in the main axonal direction is an underprediction of the maximum axonal strain in the presence of an inclusion and the amount of underprediction depends partially on the angle ϕ.
In Fig. 13 , tissue and axonal strains obtained in the brainstem and the corpus callosum are plotted as a function of time.
The maximum axonal strains obtained from the CVE simulations are between the maximum principal tissue strain and the tissue strain in the main axonal direction during the entire simulation time. In the brainstem, the time-averaged relative differences of the maximum principal tissue strain, the tissue strain in the main axonal direction, and the anisotropic equivalent strain with respect to the maximum axonal strain in the CVE are 2.05 ± 0.19, 0.39 ± 0.11, and 1.05 ± 0.064 (mean ± standard deviation), respectively. In the corpus callosum, the relative differences are 2.23 ± 0.63, 0.33 ± 0.17 and 1.05 ± 0.059, respectively. The anisotropic equivalent strain agrees therefore the most with the maximum axonal strain in the CVE in terms of both the relative mean differences and the smallest standard deviations. For this loading case, the profile of the maximum axonal strain in the CVE is similar to that of the maximum principal tissue strain for the brainstem. However, the profiles of the remaining tissue strains, in particular the tissue strain in the main axonal direction in the corpus callosum, deviate from the maximum axonal strain in the CVE (i.e., the standard deviations of the relative differences are large with respect to their mean values). This indicates that axonal strains cannot be generally obtained from the maximum principal tissue strain or the tissue strain in the main axonal direction. Furthermore, it can be noticed that the anisotropic equivalent strain, which is obtained directly from the tissue in the macroscopic head model, agrees well with the maximum axonal strain obtained from the CVE simulations.
For a more in-depth comparison between the CVE simulations and the anisotropic equivalent strain measure, the maximum axonal strain of the CVE simulations is plotted versus the anisotropic equivalent strain in Fig. 14 for all material points of the brainstem. It can be observed that all dots are close to the solid black line that represents an exact agreement between the axonal strain and the equivalent strain. For large angles of ϕ, the outcome of the CVE is generally higher than the equivalent strain, whereas for small angles, it is generally the opposite. The relative differences are 20 % or less for equivalent strains higher than 0.06 and less than 7 % for equivalent strains above 0.10. The overall R 2 value is 0.98. It is clear that the anisotropic equivalent strain is a better predictor for axonal strains as obtained from the CVE than the maximum principal tissue strain (see Fig. 11 , lefthand side) and the tissue strain in the main axonal direction (see Fig. 12 ).
The strain fields of the brainstem are shown in Fig. 15 at 37 ms, when the highest strain values have been reached. The anisotropic equivalent strain is not only lower than the maximum principal tissue strain, but also the strain concentrations are in different points for either the anisotropic equivalent strain or the maximum principal tissue strain. Furthermore, the material point for which the highest equivalent strain in 
Discussion
In this study, a multi-scale approach was used with a macroscopic FE head model to simulate the tissue response to mechanical loading and a micro-mechanical FE model of a CVE to obtain the local axonal strains due to the heterogeneities at the cellular level, which are assumed to be the cause of the discrete local axonal impairments in case of DAI within the brainstem and the corpus callosum. The strain values of the CVE and the FE head model have no trivial correlation. The maximum principal tissue strain in the FE head model is shown to be an overprediction for the maximum axonal strain in the CVE. In a study using the same FE head model, but with isotropic viscoelastic material behavior, performed by Kleiven (2007) , it was shown that loading conditions associated with concussion result in predictions of relatively high strain levels that are on the same level as suggested for DAI (Bain and Meaney 2000) , even though the mechanical behavior for brain tissue in the model corresponds with the effective shear modulus of approximately 10 kPa at 80 Hz found for brain tissue in vivo by (McCracken et al. 2005 ) using magnetic resonance elastography. The lack of correlation between the tissue strain and the diagnosis of concussion in the study by Kleiven (2007) might be explained by the overprediction of tissue strains for the interpretation of the maximum axonal strain, which is shown in the current study. Furthermore, the tissue strain in the main axonal direction in the head model is shown to be an underprediction for the maximum axonal strain in the CVE. More importantly, the amount of over-and underprediction depends on the microstructure and the loading direction, which indicates that criteria for DAI should be developed taking into account the effects of the cellular level. In addition to the multi-scale method, an anisotropic equivalent strain measure (Cloots et al. 2012 ) was implemented in the FE head model to estimate axonal strains through a single-scale analysis. The equivalent strain was shown to be in close agreement with the outcome of the CVE simulations, whereas it requires only tissue strains predicted with a macroscopic head model and does not involve a multi-scale analysis. Therefore, since the CVE in this study is modeled with viscoelastic, anisotropic tissue behavior and the equivalent strain measure was originally developed for a hyperelastic, anisotropic tissue behavior, it anisotropic equivalent strain maximum principal tissue strain can be concluded that viscoelasticity has no significant influence on the micro-level strains, unlike the tissue-level strains. The FE head model has a geometry that distinguishes several parts of the brain (e.g., cerebral cortex, corpus callosum, brainstem). Although it does not include a detailed geometry (e.g., the folding structure of the cerebral cortex), the influence of these details is assumed to be local and therefore does not affect the tissue deformations of the brainstem and the corpus callosum. Although in reality, the brainstem would be more cylindrically shaped than in the model, the total volume is close to MRI volumetric measurements of the brainstem from healthy volunteers (Kleiven 2007) .
The loading conditions of the FE head model are based on the reconstruction of a specific injurious sports accident using HIII dummies (Kleiven 2007) . Because of this, only the motion of the head could be applied directly to the head. Therefore, the possibly important influence of spinal cord bending could not be included in the analysis, which might affect the strain levels in the brainstem. Nevertheless, since this study is concerned with the maximum local axonal strains with respect to the tissue strains, the conclusions drawn are expected to remain valid for slightly different global mechanical loads.
The material properties of the head model were originally isotropic (Kleiven 2007 ), but for this study, the behavior was extended with anisotropy, because several studies have shown that areas of the brain with aligned axons reflect an anisotropic material behavior (e.g., Margulies 1998, 1999; Prange and Margulies 2002; Nicolle et al. 2005; Ning et al. 2006; Hrapko et al. 2008 ). In the original isotropic head model, the brainstem was modeled with stiffer material properties than the remaining brain tissue. In the current study, it is assumed that the stiff nature of the brainstem is justified only in the main axonal direction due to the anisotropic behavior. Therefore, the current anisotropic head model contains the same material properties for the entire brain tissue, except for the fiber orientation distribution (i.e., either uniaxially aligned or randomly oriented). Although the degree of anisotropy varies throughout the brain and is simplified in the model (i.e., only brainstem and corpus callosum are modeled as anisotropic), it is expected that the effect of including a higher level of anisotropy elsewhere in the brain on the outcome of this study would be relatively small.
In a previous study (Cloots et al. 2011) , it was shown that anisotropy at the tissue level causes the strains to become smaller in the main axonal direction, but larger in other directions for the same stress levels. For a homogeneous axonal alignment (e.g., without the presence of an inclusion), this would also lead to reduced axonal strains, even for the higher strain levels in other directions than the main axonal direction, since then the loading direction is not aligned with the axons anymore. However, when the axons have to deviate for an inclusion, partial alignment exists for a wider range of loading directions compared to the one without an inclusion. Hence, these axons have a higher strain locally caused by anisotropic material behavior. Nevertheless, the focus of this study is on the differences between the tissue-level strains and the axonal strains.
The CVE has a geometry with a simplified inclusion, which has a spherical shape that represents a cell body. In a parallel study (Cloots et al. 2012) , also a cylindrical inclusion was used that represents a blood vessel. It was found that the most critical configuration of the cylindrical inclusion (i.e., main axonal direction about 30 • with respect to the long axis of the cylinder) resulted in the same strain levels as with the spherical inclusion. Because blood vessels inside the brain are oriented rather randomly, it is assumed that this most critical configuration likely exists. The similar influence of the spherical and the most critical cylindrical configuration on the axonal strains originate from the fact that the local axonal orientation with respect to the loading direction has a greater influence on the axonal strain than the actual shape of the inclusion. Therefore, it is assumed that the CVE with a spherical inclusion does not only adequately represent the case of a cell body, but also the case of a network of blood vessels. The stiffness of the inclusion relative to the surrounding axons has an influence on the axonal strain levels relative to the tissue strain level, but the overall relation between tissue and axonal strains remains similar.
Currently, the CVE is coupled only to the brainstem and the corpus callosum of the head model. Because also other parts of the brain can be involved with DAI, it may be necessary to couple these parts as well. In general, axons in other parts of the brain are less aligned, which will probably result in a different relation between the axonal strains and the tissue strains than for the brainstem and the corpus callosum. Also, different regions of the brain could have different tolerance criteria at the cellular level, which has been shown in a study by . Furthermore, variations in tissue densities are an important aspect of axonal injury in some parts of the brain (Gaetz 2004) . This indicates there are more microstructural aspects that might play a role in cellular-level injury and that have not been included in the CVE used in the current study. Furthermore, the brainstem and the corpus callosum have a relatively simple geometry, whereas other parts of the brain might need more detailed geometries of the FE head model to obtain realistic tissue deformations. A more extended implementation of anisotropy could therefore be realized in a detailed FE head model created by automatic segmentation and meshing based on medical images such as the model created by Ho et al. (2009) or by Chen and Ostoja-Starzewski (2010) . Simulations with the detailed model of Ho et al. showed a similar correlation with the localized brain motion experiments of Hardy et al. (2001) , as observed for the model used in the present study.
Conclusion
This study shows that in the presence of microstructural obstructions that cause a deviation of axonal pathways, within the brainstem and the corpus callosum, axonal strains deviate from the maximum principal tissue strains as well as from tissue strains in the main axonal direction that are predicted in an FE head model, where the tissue strains are an overprediction or an underprediction of the maximum axonal strains, respectively. The main observation, however, is that tissue strains do not consistently scale with the maximum axonal strain, since the amount of over-and underprediction depends on the loading direction relative to the main axonal direction. This is caused by the local heterogeneities at the cellular level, which are local axonal orientation, difference in stiffness between the axons and the inclusion, and the anisotropic material behavior of the axons. The latter factor also influences the tissue strain in the FE head model. Since DAI is a type of injury in which the mechanical load occurs at the head level and the actual injury occurs at the cellular level, a multi-scale method with an FE head model and a CVE is a promising approach to obtain cellular-based injury criteria. Furthermore, a single-scale alternative to the multi-scale approach is the anisotropic equivalent strain measure, which can be used to obtain axonal strains directly from tissue-level strains. In combination with a critical value for injury, this measure can be used as an injury criterion.
